ABSTRACT: We use a combination of the molecular dynamics simulations and scaling analysis to study interactions between gel-like nanoparticles and substrates covered with rectangular shape posts. Our simulations have shown that nanoparticles in contact with substrate undergo a first-order transition between the Cassie−Baxter and Wenzel states, which depends on nanoparticle shear modulus, the strength of nanoparticle−substrate interactions, height of the substrate posts, and nanoparticle size, R p . There is a range of system parameters where these two states coexist such that the average indentation δ produced by substrate posts changes with nanoparticle shear modulus, G p . We have developed a scaling model that describes deformation of nanoparticle in contact with patterned substrate. In the framework of this model, the effect of the patterned substrate can be taken into account by introducing an effective work of adhesion, W eff , which describes the first-order transition between Wenzel and Cassie−Baxter states. There are two different shape deformation regimes for nanoparticles with shear modulus G p and surface tension γ p . The shape of small nanoparticles with size
INTRODUCTION
Design of functional and responsive surfaces with wellcontrolled wettability and adhesion characteristics has emerged as one of the fast developing areas of materials science. 1−3 Biological surfaces with unique wetting and adhesion characteristics inspired design principles for creating artificial surfaces mimicking the self-cleaning ability of lotus leaves 4, 5 and fish scales, 6 antifogging functionality of mosquito eyes, 7 high adhesion of gecko feet, 6, 8 and water collection properties of spider silk and cactus. 9, 10 These remarkable properties of biological surface arise from their multiscale textured structure (see, for review, ref 2) .
Interactions of liquids and elastic solids with textured or rough surfaces are different from interactions with smooth substrates. 1, 3, 11 Changes in the surface roughness or texture pattern produce variations in the effective contact area. For example, the values of the contact angle of liquid droplets measured on structured (rough) surfaces are different from those observed on smooth surfaces (see Figure 1) . A droplet in contact with a textured surface to minimize system free energy can adopt one of three configurations, the Wenzel, 12 the Cassie−Baxter, 13, 14 or the Cassie impregnating state. 15, 16 In the Wenzel state (Figure 1b) , the liquid conforms to all topographical features of the textured (rough) surface, producing a fully wetted surface. In this case, the value of the apparent contact angle θ* on the surface with the roughness parameter r ≥ 1 accounting for the increase of the effective contact area between a droplet and a surface is given by the Wenzel expression: θ θ * = r cos cos (1) Because the surface roughness parameter r ≥ 1, the surface roughness always magnifies the wetting properties of the substrate. In the Cassie−Baxter state (see Figure 1c) , the trapped air prevents liquid from completely wetting a surface. Therefore, the surface can be viewed as a heterogeneous surface characterized by two contact angles 180°and θ corresponding to contact between solid−liquid−air. The apparent contact angle in this state is calculated by using the Cassie−Baxter expression:
where f s is the fraction of the surface in contact with liquid under the drop. It follows from eq 2a that the surface texture could increase substrate hydrophobicity through the air trapping mechanism. In a particular range of the surface roughness and hydrophobicity, the Cassie−Baxter and Wenzel states could coexist. 11,17−28 These two states are separated by an energy barrier, which prevents a droplet from completely wetting the surface. 23−27 Therefore, to drive droplet irreversibly from the Cassie−Baxter state to the Wenzel state, it is required to apply an external stimuli. 17, 23 In the Cassie impregnating state, a liquid covers the surface texture such that a droplet resides on top of the solid/liquid composite surface (see Figure 1d) . 15, 16 The apparent contact angle θ* in this state is given by the following expression:
It follows from this equation that the spreading of the liquid film beyond the drop smoothens the substrate roughness and improves substrate wetting properties, θ* < θ. The Cassie impregnating state is also separated by an energy barrier from the Wenzel state. 15, 16 It is important to point out that eqs 1 and 2 break down when the droplet contact area becomes comparable to the characteristic size of the pattern features covering a substrate. 29, 30 In the case of the elastic solids, due to the surface roughness the real contact area is only a fraction of the nominal contact area. 31−36 Greenwood and Williamson 31 described a rough surface as made of spherical bumps of equal radius, the height of which followed the Gaussian distribution. This model predicts that the contact area A is nearly proportional to the applied load, F N . Note that for Hertzian-like contact the contact area A scales with applied load as F N 2/3 . 37 The model extension, which takes into account adhesion between elastic solids and hard rough surfaces, was proposed by Fuller and Tabor. 31 Persson et al. 32, 33 have described the surface roughness by a self-affine fractal and observed a full contact when the fractal dimension is below 2.5. When the fractal dimension becomes larger than 2.5, the contact area and the adhesion forces start to decrease dramatically.
In the above examples, wetting and adhesion phenomena have long been considered as two separate cases of interactions with substrates. However, recent studies have shown that the contact phenomena on micro-and nanoscales are governed by a fine interplay between elastic and capillary forces.
38 −44 In particular, it was demonstrated that for soft particles the equilibrium contact area with a rigid substrate is controlled by the work of adhesion of nanoparticle to a substrate, elastic energy of particle deformation, and nanoparticle surface free energy due to its shape variation upon adhesion. 39 According to this model for soft particles with size R p , shear modulus G p , surface tension γ p , and work of adhesion W between particle and substrate, there exists a dimensionless parameter
, which describes crossover between adhesion and wetting regimes. Note that for the majority of soft elastic solids, this parameter is on the order of unity. Therefore, to describe interactions of such particles with adhesive substrates, one has to take into account all three contributions.
In this Article, we use a combination of molecular dynamics simulations and analytical calculations to study interactions of soft nanoparticles with patterned surfaces. In particular, we will show that an increase in nanoparticle shear modulus changes the affinity between nanoparticle and substrate, making the substrate more nanoparticle-phobic and stabilizing the Cassie− Baxter state. The rest of this Article is organized as follows. Section 2 discusses model and simulation details. In section 3, we present our simulation results. Derivation of a scaling model of particle interactions with patterned surfaces and model comparison with simulation results are summarized in section 4.
MODEL AND SIMULATION DETAILS
We have performed coarse-grained molecular dynamics simulations of adhesion of elastic spherical nanoparticles on patterned surfaces (see Figure 2a) . The spherical nanoparticles with radius R p were made by cross-linking bead−spring chains with the number of monomers (beads) N = 32. The elastic modulus of nanoparticles was controlled by changing crosslinking density ρ c between chains. In our simulations, we used nanoparticles with radius R p varying between 10.34σ and 34.55σ and having shear modulus changing between 0.023k B T/ σ 3 and 0.853k B T/σ 3 (where σ is the bead diameter, k B is the Boltzmann constant, and T is the absolute temperature). The details of the nanoparticle preparation procedure are described in refs 39 and 40.
We studied interactions of these nanoparticles with patterned substrates having postlike patterns (Figure 2 ). Each post was made of n sub layers of beads with diameter σ that were arranged into hexagonal closed-packed lattice with a number density 1.0σ
. The pattern dimensions are characterized by the width Table  1 . The posts were placed on top of an attractive rigid substrate modeled by the effective external potential (see discussion below).
In our simulations, the interactions between all beads in a system were modeled by the truncated-shifted Lennard-Jones (LJ) potential: 
where r ij is the distance between the ith and jth beads and σ is the bead diameter. The values of the cutoff distance r cut and the values of the Lennard-Jones interaction parameters ε LJ are summarized in Table 2 in terms of the thermal energy k B T. The connectivity of the beads into polymer chains and the cross-link bonds were modeled by the finite extension nonlinear elastic (FENE) potential:
with the spring constant k spring = 30k B T/σ 2 and the maximum bond length R max = 1.5σ. The repulsive part of the bond potential was modeled by the LJ-potential with r cut = 2 1/6 σ and ε LJ = 1.5k B T.
The attractive solid substrates were modeled by the effective external potential:
where ε w was set to 1.5k B T and 3.0k B T. The long-range attractive part of the potential z −3 represents the effect of van der Waals interactions generated by the wall half-space.
The system was periodic in x and y directions with dimensions L x = L y = L z = 4.0R 0 where R 0 is the radius of the confining cavity used for nanoparticle preparation. 39 Simulations were carried out in a constant number of beads and temperature ensemble. The constant temperature was maintained by coupling the system to a Langevin thermostat. 45 In this case, the equation of motion of the ith bead belonging to nanoparticle is
where m is the bead mass set to unity for all beads in a system, v⃗ i (t) is the bead velocity, and F ⃗ i (t) is the net deterministic force acting on the ith bead. The stochastic force F ⃗ i R (t) has a zero average value and δ-functional correlations ⟨F ⃗ i R (t)·F ⃗ i R (t′)⟩ = 6k B Tξ(t − t′). The friction coefficient ξ was set to ξ = m/τ LJ , where τ LJ is the standard LJ-time τ LJ = σ(m/ε LJ ) 1/2 . The velocity-Verlet algorithm with a time step Δt = 0.01τ LJ was used for integration of the equation of motion. All simulations were performed using LAMMPS. 47 Note that the locations of beads forming posts were fixed. This reduced presence of the substrate features to the effective external potential. At the beginning of each simulation, the center mass of a nanoparticle was placed at a distance R p + 2.0σ from the top of the substrate pattern. The system was equilibrated for 4 × 10 4 τ LJ followed by the production run lasting 10 4 τ LJ . The surface tension of the nanoparticle, γ p , was obtained from simulations of the gel-like films having the same interaction parameters and cross-linking density as nanoparticles. In these simulations, the surface tension is evaluated from integration of difference of the normal P N (z) and tangential P T (z) to the interface components of the pressure tensor (see refs 39 and 44 for detail). The shear modulus of nanoparticles as a function of the cross-linking density was obtained from 3-D simulations of bulk gel sample with the same cross-linking density and interaction parameters. 39, 40 In our simulations, we covered the range of nanoparticle surface tensions γ p between 1.84k B T/σ 2 and 2.4k B T/σ 2 . Work of adhesion between nanoparticle and substrate was evaluated from the potential of mean force between substrate and gel film. In these simulations, a gel film with initial dimensions 20σ × 20σ × 15σ was pushed toward a substrate. We performed two different types of simulations. In the first type of simulation, the gel was interacting with a patterned substrate, while in the second type of simulation, layers of beads were covering the whole substrate without patterns. The location of the substrate was fixed. In these simulations, the center of mass of the gel-like film, z cm , was tethered at z* by a harmonic potential:
with the value of the spring constant K sp = 1000k B T/σ 2 . The location of the film's tethering point was moved with an increment Δz* = 0.1σ toward substrate. For each location of the tethering point, we have performed a simulation run lasting 5 × 10 3 τ LJ , during which we have calculated distribution of the center of mass of the gel film. The weighted histogram analysis method (WHAM) 48 was applied to calculate potential of the mean force between gel film and substrate from distribution functions of the film center of mass. Table 3 summarizes our results for the work of adhesion, W = ΔF/A, as a function of the interaction parameters, substrate structure, and the crosslinking density of the gel films.
In our simulations, we used a coarse-grained representation of studied systems and expressed the strength of interactions in terms of the thermal energy k B T. (Note that in such a representation the relative magnitude of the interaction parameters controls wetting and adhesion of nanoparticles.) To map our coarse-grained system representation into a real system at T = 300 K, we will use the surface tension of nanoparticle as a mapping quantity. For example, let's assume that our nanoparticles are made of cross-linked PDMS, which has a surface tension on the order of 21 mN/m. 1 Using this value for surface tension of nanoparticle with the lowest crosslinking density γ p =1.84k B T/σ 2 , we can solve for the bead size σ = 0.6 nm. For such bead sizes, the nanoparticle shear modulus G p is varied between 0.4 and 16 MPa, and the work of adhesion is between 5.4 and 54 mN/m (see Table 3 ).
SIMULATION RESULTS
In Figure 3 , we show evolution of nanoparticle shape deformation and contact with substrate for nanoparticles with preparation radius R 0 = 31.8σ on surfaces with postlike patterns. As one can see in Figure 3a and b, both tall and short posts penetrate soft nanoparticles such that the contact between nanoparticles and substrates can be viewed as the Wenzel state. However, with increasing nanoparticle elastic modulus, the interaction between substrate and nanoparticle is weakened, resulting in crossover to Cassie−Baxter-like contact between nanoparticle and system of posts. The gap between nanoparticle and substrate is larger for the system of taller posts (Figure 3c ) in comparison with that for the system of shorter posts (Figure 3d ). Therefore, both amplitude of the surface roughness and nanoparticle elastic properties influence crossover between Wenzel and Cassie−Baxter states, making the substrate effectively more nanoparticle phobic.
Figures 4a−c shows how the transition between Wenzel and Cassie−Baxter states for nanoparticles of different sizes and gel film depends on the strength of interactions, post height, and shear modulus. For short posts, n sub = 3 (see Figure 4a) , and the strongest nanoparticle−substrate interactions, ε sp = 1.42k B T, there is no dependence of the depth of indentations produced by substrate posts in the foot of nanoparticle on nanoparticle size. All data points group together. However, indentation depth δ slowly decreases with increasing nanoparticle shear modulus, G̃p, indicating that an equilibrium depth of indentation is a result of a fine interplay between attraction of nanoparticle to substrate and elastic deformation of nanoparticle foot. This observation is further corroborated by Figure 3 . Snapshots of deformation of nanoparticle with radius R 0 = 31.8σ on textured substrates: (a) n sub = 5, the decrease in the magnitude of indentations produced by posts in nanoparticles for systems with weaker nanoparticle− substrate interactions, ε sp = 0.71k B T. Note that for these systems, we also start to see dependence of indentation δ on nanoparticle sizes as nanoparticle shear modulus increases. It is also important to point out that for all systems with short posts, contact of nanoparticle with substrate is closer to the Wenzel state rather than to the Cassie−Baxter state. The situation changes for systems with larger posts, n sub = 5, as shown in Figure 4b . For these systems, we observe a stronger dependence of indentation on the nanoparticle sizes. The strongest dependence is seen for more rigid nanoparticles that are in the Cassie−Baxter state. In this case, smaller nanoparticles reside between the posts. Such contact with substrate maximizes nanoparticle attraction to the substrate and at the same time minimizes its elastic energy penalty. Furthermore, for systems of nanoparticles with ε sp = 0.71k B
= 0.71k B T and n sub = 5. However, for the systems with the same post height but with stronger gel− substrate interactions, ε sp = 1.42k B T, the transition between Wenzel and Cassie−Baxter states looks more like a crossover. Such a peculiar dependence of the contact structure on the system parameters could be a manifestation of the first-order type transition between Wenzel and Cassie−Baxter states. In this case, the average value of the indentation depth δ plotted in Figure 4a −c is a result of sampling between the Wenzel state and the Cassie−Baxter states in the interval of parameters where both states coexist. Figure 5 shows the free energy change of small nanoparticles calculated by using WHAM 48 as they contact a patterned substrate. This figure clearly shows the existence and coexistence of two different states for nanoparticles in contact with patterned surfaces. Therefore, for the elastic nanoparticles interacting with patterned substrates, the transition between the Wenzel and Cassie−Baxter states is a first-order transition. This situation is similar to a wetting transition of liquid droplets on patterned surfaces. 23−27 In addition to controlling crossover between Wenzel and Cassie−Baxter states, nanoparticle elasticity and strength of nanoparticle−substrate interactions are also responsible for nanoparticle shape deformation. To elucidate these effects and to establish that our nanoparticles are soft enough to demonstrate both adhesive and wetting behavior, in Figure 6 we show deviation of the nanoparticle contact radius, a, from Johnson, Kendall, and Roberts (JKR) scaling. 31, 37 For adhesive contact between elastic nanoparticle with modulus G p and radius R p and solid substrate, the equilibrium contact radius a of nanoparticle with substrate is expected to have the following scaling dependence on the particle size aG p ∝ (G p R p ) 2/3 . 37 This scaling relation is obtained by balancing the elastic energy of nanoparticle deformation U el ∝ G p a 5 /R p 2 and work of adhesion πa 2 W. 37 For rigid nanoparticles, we observe the expected scaling relationship (see Figure 6 ). However, for soft nanoparticles, our data sets demonstrate linear scaling, a ∝ R p . Note that the observed linear scaling dependence is a characteristic feature of dominance of the capillary forces over nanoparticle elasticity in controlling its shape. It is interesting to point out that the data corresponding to strong and weak nanoparticle−substrate interactions are shifted with respect to each other, thus pointing out that the work of adhesion is proportional to the magnitude of the interaction potentials. Below we will develop a scaling model that accounts for both elastic and capillary forces contributions into deformation of a nanoparticle in contact with a patterned surface.
MODEL OF NANOPARTICLE INTERACTION WITH
PATTERNED SUBSTRATE We will follow our previous work 39, 44 and approximate the shape of the deformed nanoparticle of size R p by a spherical cap with height h and contact radius a (see Figure 7) . The radius of curvature of the spherical cap is equal to R 1 . The change in the total free energy of nanoparticle upon contact with substrate has elastic energy and surface energy contributions. We first evaluate elastic energy of the deformed nanoparticle. There are two elastic energy contributions due to deformation of nanoparticle on textured surfaces: (i) elastic energy contribution due to macroscopic shape deformation of nanoparticles and (ii) elastic energy contribution due to indentations of depth δ produced by the substrate posts in the nanoparticle within a contact area πa 2 . For nanoparticle height deformation Δh = 2R p − h, the value of the restoring stress σ zz acting in the contact area due to nanoparticle height deformation is on the order of G p Δh/a. This stress is distributed over area πa 2 producing a restoring force on the order of σ zz a 2 . The elastic energy of nanoparticle shape deformation is on the order of the work required to maintain height deformation Δh with a force equal to a restoring force σ zz a 2 . This results in the elastic energy of the nanoparticle shape deformation to be on the order of
The elastic energy contribution generated by each post can be estimated by using similar scaling arguments. Indentation of depth δ produced by a post in a foot of nanoparticle generates a restoring stress on the order of G p δ/d p . This stress produces a restoring force
Therefore, the elastic energy due to indentation produced by each post can be estimated as
2 posts within a contact area, πa 2 . Combining contributions from all posts, we obtain:
where we introduced parameter
, the fraction of the surface occupied by the posts. Adding two terms together, we can write the expression for the total elastic energy of the nanoparticle interacting with patterned substrate:
The surface free energy of deformed nanoparticle of height h and radius R 1 in contact with patterned substrate of surface area A can be written as follows:
(1 ) ( ) ( ) 
The first term on the right-hand side of eq 11 describes the contribution from the surface of the substrate with surface area A − πa 2 and surface tensions γ s of the post surface and γ w of the rigid half-space described by the external potential given in eq 5. The second term accounts for the surface free energy due to surface area of the contact between nanoparticle and patterned substrate with surface tension γ p and nanoparticle/substrate surface tension γ sp , and the last term corresponds to the surface free energy contribution from the exposed area of nanoparticle 2πR 1 h with surface tension γ p . In eq 11, we have introduced work of adhesion, W wp = γ w + γ p − γ wp (where γ wp is the nanoparticle−rigid wall surface tension). Function
takes into account the long-range van der Waals interactions between rigid half-space and nanoparticle and is obtained by integration of the z-dependent part of the interaction potential eq 5. For interaction potential eq 5, the work of adhesion between nanoparticle and rigid wall is evaluated as W wp = 0.622ε w ρ p σ where ρ p is the monomer density inside the nanoparticle. Note that complete contact between nanoparticle and substrate (Wenzel state) occurs for indentation depth δ = d h − d 0 . In this case, interaction between nanoparticle and rigid wall reduces to γ p + γ w − W wp = γ wp . We can eliminate radius of curvature of the deformed nanoparticle R 1 by using the geometric relation between contact radius a and nanoparticle height h:
Solving this equation for hR 1 and substituting this solution into eq 11, we obtain: 
where work of adhesion W sp = γ s + γ p − γ sp . Because the elastic energy of nanoparticle deformation eq 10 is expressed in terms of Δh, a, and δ, it is convenient to describe nanoparticle surface free energy using similar variables. Taking this into account, we can rewrite eq 14 as follows: 
The change of the system surface free energy upon contact of a nanoparticle with the substrate is equal to 
For elastomeric nanoparticles, their deformation occurs at a constant volume. Thus, there are only two independent parameters describing nanoparticle shape deformation. Here, we will assume that indentation δ is smaller than Δh such that post contribution can be neglected in the evaluation of the volume of deformed nanoparticle. Taking this into account, the volume conservation condition has the following form:
In the limit of small nanoparticle deformations, Δh/2R p ≪ 1, from eq 17 we obtain a 2 ≈ 2R p Δh. Substituting this relation into eq 16, we can rewrite the change in the surface free energy of nanoparticle upon contact with patterned substrate as a function of Δh and δ:
Finally, by combining the elastic (eq 10) and surface (eq 18) free energy terms, we arrive at the expression describing deformation of elastic nanoparticle on rigid patterned substrate:
where C G is numerical constant, and we introduced effective work of adhesion: 
which depends on the contact between nanoparticle and substrate (C P is a numerical constant). Equation 19 generalizes our result 39, 44 to the case of nanoparticle interaction with patterned surfaces. The equilibrium nanoparticle height deformation Δh and indentation δ produced by substrate posts in nanoparticle foot can be obtained by minimizing the nanoparticle free energy eq 18. We will first analyze the behavior of function W eff (δ) to describe the transition between the Cassie−Baxter and Wenzel states. Figure 8 shows the evolution of function −W eff (δ) for nanoparticles with different values of the shear modulus adsorbed on substrates covered with post consisting of five layers of beads. It follows from this figure that there are two different states characterizing interaction of the nanoparticle with substrate. The first state corresponds to the Cassie−Baxter state (δ = 0) when the nanoparticle resides on top of the posts, and the second one describing a nanoparticle in contact with rigid wall corresponds to the Wenzel state. For rigid nanoparticles with G p > 0.4k B T/σ 3 , the Cassie−Baxter state is the lowest free energy state. Note that at these values of the shear modulus, the Wenzel state still exists and is metastable. As the value of the shear modulus decreases, the Wenzel state becomes a thermodynamically stable state with a contact free energy lower than that of the Cassie−Baxter state. Finally, for very soft nanoparticles, the Wenzel state becomes the only equilibrium state with the lowest free energy of contact. Thus, in the framework of our simple scaling model, the transition between the Cassie−Baxter and Wenzel states is a first-order transition. To test that this is indeed the case, in Figure 9 we show results of the WHAM calculations of the potential of the mean force between patterned substrate and a gel film. Simulations of the gel film allowed us to eliminate contribution coming from the nanoparticle shape deformation as it wets the substrate. It is important to point out that our model of the contact between nanoparticle foot and a substrate assumes that particle size does not influence the structure of the contact layer. This effectively corresponds to adhesive contact between patterned substrate and infinite gel, which has the same characteristics as a gel-forming nanoparticle. The free energy curves shown in Figure 9 confirm the existence of the transition between Cassie−Baxter and Wenzel states. For rigid gels with G p ≥ 0.214k B T/σ 3 , the contact free energy has a minimum when gel touches the substrate. However, for softer gels, we observe the existence of two states: one corresponding to gel residing on the top of the substrate pattern (Cassie−Baxter state) and another corresponding to a complete contact with substrate pattern (Wenzel state) . In the range of displacements of the gel center of mass Δz cm between these two states, there is a coexistence of the Cassie−Baxter and Wenzel states with part of the gel being in the Cassie−Baxter state and the other part being in Wenzel state. The coexistence of two states is also supported by the probability distribution of the indentation depth δ shown in Figure 10 .
In our analysis of nanoparticle shape deformation described by eq 19, due to interaction with the patterned substrate, we will use the value of W eff obtained from WHAM simulations of gel slab interactions with patterned substrates (see Table 3 ). This will allow us correctly account for the transition between the Wenzel and Cassie−Baxter states and its effect on nanoparticle shape deformation. The equilibrium height deformation of nanoparticle is obtained by minimizing eq 19 with respect to Δh:
It follows from eq 21 that there are two asymptotic solutions describing two different regimes of nanoparticle interaction with substrate. 39, 44 In the first regime, nanoparticle deformation is controlled by the adhesion and elastic energy terms (the first and the last terms on the right-hand side of eq 21). In this limit, the solution of eq 21 recovers classical adhesion scaling dependence of the nanoparticle height deformation on the system parameters:
We called this regime the adhesion regime. In the other asymptotic regime, the equilibrium nanoparticle deformation is obtained by balancing adhesion and surface free energy terms (the first and second terms on the right-hand side of eq 21). This results in the following expression for nanoparticle height deformation: Figure 9 . Black, red, and blue bars correspond to locations A, B, and C shown in Figure 9 , respectively.
We called this regime the wetting regime. The crossover between these two regimes occurs at nanoparticle sizes:
Therefore, for small nanoparticles, R p < Rp, the capillary forces control nanoparticle shape, while for large nanoparticles, R p > Rp, nanoparticle elastic energy and its adhesion to the substrate determine nanoparticle deformation. At the crossover, the nanoparticle height deformation is estimated as Δh̃∝ γ p 1/2 W eff 1/2 / G p .
We can solve eq 21 for nanoparticle height deformation: 
where 
and A G = (√2π/5C G ) 2/3 and B G = 2(√2π/5C G ) 2/3 are numerical coefficients. Note that the actual values of the parameters A G and B G are model dependent, and we will consider them as two adjustable parameters to fit our simulation data. Figure 11 summarizes our results for nanoparticle deformations on patterned substrates. We have also added to this plot simulation results for nanoparticles interacting with rigid surfaces, rigid nanoparticles interacting with soft substrates, and interactions between nanoparticles and substrates of arbitrary rigidity. 39, 44 The data demonstrate a reasonably good collapse indicating that we can use the effective work of adhesion to model interactions between a patterned substrate and a nanoparticle. However, there is a systematic deviation of the data for small nanoparticles, which have parameters corresponding to the crossover region between Cassie−Baxter and Wenzel states. For such nanoparticles, there is a significant difference between values of indentation depths measured for nanoparticles in contact with substrate and those obtained from the gel slab simulations (see Figure 4b) . The collapse of the data in the Wenzel regime or pure Cassie− Baxter regime as well as in the crossover regime for our two largest nanoparticles is very good. Therefore, we can conclude that it is possible to use the universal plot shown in Figure 11 and extract optimal values of the work of adhesion, which will collapse small nanoparticle data sets into a universal line. The obtained by this procedure work of adhesion will include corrections due to the finite size effect observed for interaction of small nanoparticles in comparison with those obtained for macroscopic samples.
CONCLUSIONS
We have studied interactions of nanoparticles with patterned surfaces. Our simulations have shown that for elastic nanoparticles and gels the transition between Cassie−Baxter and Wenzel states is a first-order transition, which depends on the elastic properties of nanoparticles and gels, strength of interactions, and dimensions of the patterns. In the interval of parameter where both Cassie−Baxter and Wenzel states coexist, the equilibrium indentation depth produced by substrate posts in the contact region is a result of averaging between indentations produced in these two pure states. The scaling model of the contact free energy between patterned substrate and elastic nanoparticle qualitatively describes the first-order transition between Cassie−Baxter and Wenzel states with increasing nanoparticle shear modulus. Note that the transition between Cassie−Baxter and Wenzel states was also observed for liquid wetting of patterned surfaces as a function of substrate hydrophobicity and pattern dimensions. 23−26 In this respect, nanoparticle elastic properties play a role similar to droplet−substrate interactions and control nanoparticle− substrate affinity.
Analysis of the simulation data demonstrates that we can use an effective work of adhesion, W eff , between nanoparticle and patterned substrate to describe nanoparticle shape deformation. This approach allowed us to map the problem of the nanoparticle interaction with patterned substrate to one describing interactions of nanoparticles and substrates of arbitrary rigidity. 39, 44 In the framework of this approach, we have confirmed that there are two different regimes of nanoparticle substrate interactions. For small nanoparticles such that R p < γ p 3/2 G p
, the equilibrium shape deformation of nanoparticle is a result of balance between capillary forces (wetting regime in Figure 11 ). However, for large nanoparticles R p > γ p 3/2 G p −1 W eff −1/2 , the nanoparticle deformation is determined by balancing elastic energy of nanoparticle deformation with work of adhesion between nanoparticle and substrate (adhesion regime in Figure 11 ).
The presented here approach could be extended to describe interactions of nanoparticles with substrates covered with stripes and cylindrical post as well as substrates with fractal roughness. We hope to address these problems in the future. 
